An expression for maximum accelerated particle energy E max due to the first-order shock-Fermi process is generalized to relativistic flows. Given the Bohm diffusion approximation and a mean ISM magnetic field of 3µG, then E max ≈ 8×10 15 β 0 Z(m ⊙ /n 0 ) 1/3 eV for an uncollimated explosion expanding into a uniform medium with density n 0 . The initial flow speed of the explosion is β 0 c, and the total ejecta energy, in Solar rest-mass energy units, is m ⊙ . Second-order stochastic processes in relativistic flows can accelerate cosmic rays to ultra-high energies. Sources of mildly relativistic or relativistic flows with adequate power, namely fireball transients and gamma-ray bursts, are proposed as the sources of cosmic rays near and above the knee of the cosmic-ray spectrum.
Introduction
The primary power source for the protons and ions in the cosmic radiation is not conclusively established in spite of a consensus that cosmic rays are powered by the ejected remnants of supernovae that collapse to form neutron stars. Pion-decay features from secondary production at ≈ 70 MeV were not, however, detected from supernova remnants with EGRET (Esposito et al. 1996) , and it will take GLAST to determine what this means quantitatively. Limits for a particle to reach a certain energy due to constraints upon diffusive transport and available time (Lagage and Cesarsky 1983; Drury 1983 ) also challenge the conventional picture that cosmic rays nucleons are accelerated by SNRs.
Preconditioning of the external medium by streaming cosmic rays can do no more than produce rough equality between the energy densities of the plasma turbulence and the ambient large scale magnetic field, or another shock is formed. Plasma waves generated by streaming particles only weakly affects transport of the highest-energy cosmic rays that sample the largest upstream distances. We therefore treat particle transport for first-order acceleration in the simple and realistic Bohm approximation. Diffusion mean-free paths derived from pitch-angle scattering through gyroresonant interactions with plasma waves in the ISM imply much smaller values of E max (Lagage and Cesarsky 1983) , but the Bohm approximation seems more accurate for Fermi acceleration in exanding flows. Gyroresonant pitch-angle scattering with turbulence in the shocked fluid is, however, the basis for second-order acceleration, and the second-order process can be much faster than the first-order process in relativistic flows.
In this letter, an upper limit to E max is derived that is based only upon upstream ISM conditions; diffusion time in the downstream flow limits E max further. Acceleration beyond the knee of the cosmic ray spectrum at ≈ 2-4×10 15 eV is naturally explained by relativistic flows that are by definition (Dermer 2000) found in fireball transients (FTs). Strongly relativistic flows, as found in GRBs, can accelerate particles past the ankle of the CR spectrum to metagalactic ultra-high ( 10 19.5 eV) energies (Dermer and Humi 2000) .
References for this Letter are the papers by Kirk (1994) , Drury (1983) , Gaisser (1990) , and Blandford and Eichler (1987) .
First-Order Theory
We treat first-order Fermi acceleration for relativistic nonthermal particles with v ′ ≈ c. Our notation is such that β(x)c = βc is the flow speed, not particle speed, and the blast-wave evolution is described by momentum P = βΓ. In the primed frame stationary with respect to the shock, the upstream flow approaches with speed u − = β − c and the downstream flow recedes with speed u + = β + c. In a simple realization of first-order Fermi acceleration that properly reduces to the nonrelativistic (NR) forms, we writeṗ
The cycle time is given by the diffusive properties of the upstream and downstream regions. In a one-dimensional flow,
The spatial diffusion coefficient κ is assumed to be given by the Bohm diffusion coefficient. In its simplest form, it is approximated by
where v ′ is the particle speed in the comoving frame of the shock and
is the Larmor radius. We employ the convention that m = m p for proton and ion acceleration, and m = m e , A = Z = 1 for lepton acceleration.
The fractional change in particle momentum over a complete cycle for relativistic test particles with p ′ ≫ 1 is (Schlickeiser 1984; Gaisser 1990 ).
Letting Γ s be the Lorentz factor of the shock (Γ is the Lorentz factor of the shocked fluid), we have from the relativistic shock jump conditions that (Landau and Lifshitz 1959; Blandford and McKee 1976) . The termγ is the ratio of specific heats, andγ = 5/3 and 4/3 for nonrelativistic (NR) and extreme relativistic (ER) monatomic gases, respectively. In the NR limit, β − = 4β/3 and β + = β/3. In the ER limit, Γ − = √ 2Γ and Γ + = 9/8, implying that the downstream speed cβ + = c/3. (3), (4), (2) and (5) into equation (1) giveṡ
Substituting equations
The rate at which nonthermal particles are accelerated in the comoving shock frame, per differential distance dx travelled by the shock, is just dp ′ FI /dx =ṗ ′ FI /(P c), so that the maximum particle momentum measured by an observer in the stationary frame of the explosion is
As seen from equation (7), the condition B − u − < B + u + implies that the upstream medium is more diffusive and thus is the rate-limiting factor in the evaluation of t cyc . Suppose that an explosion takes place in a medium with a mean rms magnetic field of 3 × B 3µG µG. In most flow directions, the upstream diffusion properties will be fairly well described by equation (3) with B − ≈ B t ≈ 3µG, where B t is the transverse component of the mean magnetic field. Shock directions that pass through a roughly parallel ISM magnetic field will be more diffusive in the upstream region than average, and will require more time to accelerate particles to a given energy. Downstream of the flow, the magnetic field
, where the first term represents the compression of B t , and the second term sets a limit on the downstream magnetic field B eq = 0.39(µe B n 0 ) 1/2 √ Γ 2 − Γ G by scaling B 2 − /8π to the downstream kinetic energy density of the flow in terms of the parameter e B . The term µ gives the average atomic mass of swept-up material in terms of m p , and µ ∼ = 1.4 for Solar metallicity material. The downstream field B+ ≥ 4B − for a strong NR shock, so that u − B − ∼ = 4βcB − /3 u + B + ∼ = β4B − c/3 for NR flows. For ER flows, the upstream properties control the diffusion timescale because β − B − ∼ = B − ≪ β + B + ∼ = 4ΓB − /3. So the upstream regions are generally more diffusive than the downstream regions.
We therefore approximate t cyc in terms of the properties of the upstream ISM, giving the maximum particle energy
The evolution of the blast wave momentum P (x) in the adiabatic regime is (Dermer and Humi 2000) , where the deceleration radius (Mészáros and Rees 1993) is defined in terms of m ⊙ , the total energy of the explosion expressed in units of the Solar rest-mass energy = 1.8 × 10 54 ergs. For a nonrelativistic explosion, x d ∼ = ℓ S , the Sedov length (Sari et al. 1996) , where
Introducing a dimensionless radiusx = x/x d and letting D FI → 4β/3 (eq.
[5]) for NR (β 0 ≪ 1) flows, equation (9) becomes (Lagage and Cesarsky 1983) . To determine E B,max for relativistic flows, consider the additional upstream requirement on particle acceleration that r L < x, which remarkably implies that E max L (x) ZeB − x. The size scale limitation thus requires that D FI 1 or D FI ≃ 4β/3. For relativistic flows, E B,max is therefore also given by equation (12). Although oblique upstream magnetic fields can increase the acceleration rate (Ostrowski 1988) , the gain is modest in the strong scattering Bohm diffusion limit considered here (Ellison et al. 1995) . A claim (Kobayakawa et al. 2000 ) that effects of magnetic field obliquity can accelerate particles beyond the knee does not take into account the size scale limitation. (2000)). By inspecting equation (12), one sees that the maximum energy of particles accelerated through the first order process by an adiabatic blast wave is reached at observer time t(yr) ∼ = 7.0(m ⊙ /Γ 2 0 n 0 ) 1/3 /β 0 , and that this energy decays slowly (∝ t −1/5 ) in the NR Sedov phase.
Second-Order Theory
Following the approach implicit in equation (1), particle acceleration through stochastic gyroresonant processes is written asṗ ′ FII ∼ = ∆p ′ /t iso , where t iso is the pitch-angle isotropisation timescale. When p ′ ≫ 1, the fractional change in momentum over this time period is D FII , where (Gaisser 1990) . The quantity β A c, which represents the speed of the scattering centers, reduces to the Alfvén speed in the weakly turbulent quasilinear regime. The term γ A represents a characteristic Lorentz factor of MHD waves in the highly turbulent relativistic plasma, which a GRB blast wave must be if P > 1 and e B ∼ 1 (Dermer and Humi 2000) . A simple bridging expression is
The particle pitch angle changes by δB/B during one gyroperiod t gyr = r L /c, where B now refers to the mean magnetic field in the shocked fluid. Thus t iso ∼ = t gyr /(δB/B) 2 , noting that particles diffuse in pitch angle. Changes in pitch angle due to gyroresonant interactions with plasma waves suggests the relation (δB/B) 2 ≈kW (k)/U B , where U B = B 2 /8π, and the turbulence spectrum W (k) = W 0 (k/k min ) −q for k min ≤ k < k max . The index q = 5/3 for a Kolmogorov turbulence spectrum. The resonant wavenumber is assigned through the resonance condition (e.g., Dermer et al. 1996) , but here we simplify by employing the simple resonance assumption k → 1/r L (Biermann and Strittmatter 1987). Assuming isotropy of forward and backward-moving waves gives the normalization W 0 = ξU B (q − 1)/2k min . Hence t
In the term on the right-hand-side of equation (14), we have replaced k min with R, the size scale of the system that characterizes the largest dominant length scale and smallest wave number of the injected turbulence.
The escape timescale t esc ≈ N λ/v ′ does not depend on the speed of the scattering centeres, but only upon pitch-angle diffusion. The number of scattering events to travel distance R is
For relativistic particles, v ′ → c, and
By replacing R with the width of the blast wave shell ∆ ′ ∼ = f ∆ x/Γ, equation (14) and (15) reduce to equations (40) and (43) in Dermer and Humi (2000) , repsectively. Comparing the stochastic acceleration time scale |ṗ ′ FII /p ′ | −1 with t esc , one obtains a maximum accelerated particle energy for the second-order process of
By taking into account associated adiabatic losses, Dermer and Humi (2000) found that ultrahigh energy cosmic rays could be accelerated even with K p 1. Equation (14) shows that it is in principle possible for K p to be ≫ 1, though this depends on the properties of relativistic plasma waves. GRB blast waves rsulting from the collapse of massive stars to black holes are viable sites for ultra-high energy cosmic ray production (Waxman 1995; Vietri 1995; Dermer 2000) , both from the point of view of acceleration efficiency (Dermer and Humi 2000) and source power (Dermer 2000a ). Table 1 gives a listing of flow speeds and ejecta energies obtained from spectral line observations of SNe (Lozinskaya 1992) . Flow speeds of FTs inferred from γγ transparency arguments for a sample of GRBs imply Γ 50-100 (Baring and Harding 1997) . Spectral models of GRBs within the external shock scenario (Mészáros and Rees 1993; Chiang and Dermer 1999) imply Γ 300 ≡ Γ 0 /300 ∼ 1. As shown by Table 1 , particle acceleration to the knee of the cosmic ray spectrum by SNe requires large explosions taking place in tenuous surroundings (Lagage and Cesarsky 1983) . This is feasible for SNe if cosmic rays primarily originate from N1s, as N2s and N3s are thought to be associated with young massive stars in dense, gaseous environments. The situation is of course far more complex. For example, outflow velocities of ejected matter from SN 1987A reached 2-3×10 4 km s −1 , more than twice as fast as a typical N2 (Lozinskaya 1992) . Mildly relativistic outflows are deduced from radio observations of the Type Ic SN 1998bw associated with GRB 980425 (Weiler et al. 2000; Kulkarni et al. 1998) . Even so, the SN interpretation does not account for the origin of cosmic rays with energies above the knee at 2-4 PeV.
Discussion
The first-order Fermi processes in collapsing stars that eject relativistic flows naturally accelerates particles to energies corresponding to the knee of the cosmic-ray spectrum. The second-order process in relativistic shocked fluids accelerates particles to ultra-high energies to form both the galactic halo cosmic rays with energies between the knee and the ankle, as well as the metagalactic ultra-high energy cosmic rays. The GeV cosmic rays detected near Earth are probably a mixture of accelerated particles produced by many sources, but the cosmic rays formed near and above the knee may be produced by only one or a few energetic explosions (Erlykin and Wolfendale 2000) . GRBs are a prime candidate for the origin of these cosmic rays (Milgrom and Usov 1996) .
Summary
Particle acceleration to the knee of the cosmic ray spectrum is naturally achieved through first-order Fermi acceleration in mildly or highly relativistic flows. Flow speeds measured for SN Ia and II do not accelerate particles to the knee (Lagage and Cesarsky 1983) unless the explosion takes place in a very tenuous medium, and acceleration of cosmic rays by SNRs cannot explain the origin of cosmic rays above the knee of the cosmic ray spectrum. This suggests that hadronic cosmic rays near and above the knee of the cosmic ray spectrum are formed by fireball transients and GRBs (Dermer 2000) . Gyroresonant stochastic accleration in GRB blast waves can accelerate particles to ultra-high energies (Schlickeiser and Dermer 2000; Dermer and Humi 2000) . Modeling the composition near the knee of the cosmic ray spectrum requires a convolution over all past SNe in the Galaxy, or at least those within the last 10-100 Myrs. Modelling the composition near and above the ankle requires a galactic disk and halo diffusion model, and modelling the composition at ultra-high energies involves a convolution of ultra-high energy cosmic rays from GRBs in other galaxies. Results from such models will be reported in subsequent work. This refers to relativistic flows associated with the GRB itself and not to explosions prior to the GRB that may drive nonrelativistic outflows (Amati et al. 2000; Piro et al. 2000) 
